Viscosity and crystallization are essential properties to characterize the lubrication and heat transfer performances of mold flux. Therefore, in this paper, the viscosity and crystallization behaviors of conventional F-containing commercial mold flux and newly designed F-free mold fluxes were investigated by using rotating cylinder method and Single/Double Hot Thermocouple Technique (SHTT/DHTT). Results shows that the viscosities of designed F-free mold fluxes are close to the F-containing mold flux; and the crystallization temperatures of F-free mold fluxes increases with the increase of basicity and Na 2 O/Li 2 O content; while it decreases with the increase of cooling rate and the addition of B 2 O 3 . The final steady state structure of F-free mold fluxes during the DHTT tests shows it is composed of a major crystalline and a thin liquid layer (5.42-7.2%) without glass phase. The results of XRD indicate that the main crystalline phases formed in designed F-free mold fluxes were calcium borosilicate (Ca 11 
Introduction
It is well known that mold fluxes play important roles in continuous casting, such as protecting the molten steel from oxidation, absorbing inclusions, providing thermal insulation, lubricating the strand, and controlling heat transfer between the mold and shell. All those functions are usually determined by the chemical and physical properties of mold flux, including viscosity and crystallization.
The viscosity is one of the most important properties of mold flux as it determines the powder consumption and therefore the lubrication of shell; 1, 2) besides, it can affect the slag entrapment, 3) erosion of submerged entry nozzle, 4) etc. The mold flux crystallization is also very important, because it primarily determines the structure and phases (glass, crystalline and liquid) distribution of slag film in the gap of mold wall/shell, then controls the heat transfer and lubrication in the continuous casting mold. 5, 6) In conventional commercial mold fluxes, fluorine has significant influence on the viscosity and crystallization behaviors of mold flux, as firstly it is a very good fluxing agent, which can work as network breaker in silicate systems and reduce the breaking temperature as well as the viscosity of mold slag; secondly, it is the main component of the primary crystalline phase, cuspidine, in the crystallized mold flux; so it can affect the mold flux crystallization greatly. However, fluorides could be easily evaporated in the forms of HF, SiF 4 , or NaF etc., which tend to cause many problems, such as environmental pollution (contamination of cooling water and atmosphere), corrosion of casting facilities, and safety hazard. [9] [10] [11] [12] Therefore, it is urgent to find substitutes to replace the fluorides meanwhile keep the viscosity and crystallization behaviors of mold flux to meet the demands of continuous casting.
Research regarding to the optimization of viscosity and crystallization of F-free mold flux has been conducted intensively. Li et al., 13) have studied the effect of B 2 O 3 on viscosity of F-free mold flux, and it was found that the viscosity decreased with the addition of B 2 O 3 contents. Lu et al., 14) have investigated the influence of Na 2 CO 3 on properties of low fluoride content mold flux, and the results showed that the viscosity and viscous activation energy decreased obviously when the Na 2 CO 3 content increased. Takahira et al., 15) found that the viscosity of fluorine free mold flux reduced with the increase of basicity. Also, the research of Arefpour et al., 16) suggested that all of the B 2 O 3 , Li 2 O, TiO 2 , Fe 2 O 3 , ZnO, and Na 2 O can lower the viscosity of mold flux. Besides the experimental research works above, mathematical models have also been developed to study the viscosity of F-free mold flux. 17, 18) In the respect of crystallization of F-free mold flux, Choi et al., 19) have investigated the influence of basicity on the crystallization behavior, and the results showed that the basicity tends to enhance the crystallization of the F-free glass mold flux. Fox et al., 20) chose the combination of B 2 O 3 and Na 2 O as alternative substitutes for CaF 2 in billet fluxes and found that the crystallinity decreased with the increase of B 2 O 3 . Nakada et al., 21) found that the precipitated crystalline phase CaOSiO 2 TiO 2 in CaO-SiO 2 -TiO 2 slag system has the potential to substitute for cuspidine. But, Wang et al., 22) pointed out that those fluorine free mold fluxes containing TiO 2 have the risk to increase the rate of stick breakout due to the possible formation of Ti(C, N) during the melting process of mold fluxes; and the addition of TiO 2 would also introduce higher crystallization temperature of mold flux due to the formation of CaTiO 4 that tends to deteriorate the heat transfer behavior in the mold.
Although lots of works have been done, most of them are limited to the low carbon steels. The research of the development of F-free mold flux for the casting of medium carbon steels has been rarely conducted due to the difficulty of controlling crystallization. However, the viscosity and crystallization behaviors of mold flux are important to the process of continuous casting. Many defects, such as severe oscillation marks, longitudinal cracks and breakouts of thin shell are resulted from the improper viscosity and crystallization controlling.
23,24)
This study is a follow-up work to further design and develops F-free mold fluxes for casting medium carbon steels, based on the previous low fluorine mold fluxes research works. [25] [26] [27] [28] And, it was divided into two parts; the first part is about melting and heat transfer behaviors; while the second part is focused on the study of viscosity and crystallization behavior of F-free mold fluxes for medium carbon steels continuous casting. This is the second part with the aim to investigate the viscosity and crystallization behavior of F-free mold fluxes.
Experiment

Preparations of Mold Flux Powder
The designed F-free mold fluxes in this study is based on a commercial mold fluxes sample A ( Samples for viscosity measurement were prepared through stirring those reagent grade chemicals in a blender for 120 minutes. While samples for crystallization test were prepared by melting them in an induction furnace at 1 773 K (1 500°C) for 5 minutes to homogenize their chemical compositions first, and then the liquid was poured onto a cool steel plate to quench to achieve a fully glassy phase, and then it was subjected to crushing and grounding into powders samples for SHTT/DHTT experiments. The pre-melted slags were also analyzed by X-ray fluoroscopy (XRF, S4 Pioneer; Bruker AXS; GmbH Karlsruhe, Germany), and the results are shown in Table 1 . It could be found that the evaporative loss of mold flux components are relatively small and the influence caused by the evaporation can be ignored, which is consistent with our previous study.
29)
Viscosity Measurement
The viscosity measurements were carried out by using a Brookfield DV-II + viscometer (Brookfield Inc., USA), through the rotating cylinder method, which is schematically shown in Fig. 1 . A calibration measurement was carried out at room temperature by using standard oil with known viscosity.
28)
When measuring the viscosity of those mold fluxes, 250 g of the sample powders were placed in a graphite crucible with diameter and internal height of 50 mm and 80 mm, respectively. Then, the crucible was heated to 1 773 K (1 500°C) and held for 10 minutes to obtain a homogeneous melt in an electric resistance furnace with MoSi 2 as heating element. Then, the bob, which is made of molybdenum with the height of 18 mm and the diameter of 15 mm, was immersed into liquid slag bath and rotated. Each measurement was preformed during the cooling cycle, and the data of viscosity and temperature were collected every 5 s.
The kinetics analysis of rheology behavior of mold flux was conducted by using the Arrhenius expression. According to Arrhenius Eq. (1), the viscosity η is temperature dependent
where A is a constant dependent upon the slag structure, E is the activation energy of viscosity, and R is the gas constant. By rearranging Eq. (1), the value of E can be determined as the slope by plotting lnη versus 1/(RT) from Eq. (2). the corresponding temperature history can be obtained by the temperature acquisition system. Combining the in-situ video and variation of temperature history, the continuous cooling crystallization behavior of mold fluxes could be well investigated and the Continuous Cooling Transformation (CCT) diagram of mold flux could be constructed through recording the relationship between the temperature, time and transformation. 5 vol% of crystallization was defined as the beginning of crystallization in this study. The phase evolution of mold flux under the simulated thermal condition of meniscus in the mold was studied by using the DHTT. Figure 3(b) was an illustration of DHTT, where a slag sample was mounted in between two B type thermocouples (CH-1 and CH-2), and a desired temperature gradient between the two thermocouples can be achieved through the control of the temperature of each thermocouple separately. During the DHTT test, the distance between the two thermocouples was set as 2 mm, and the hot thermocouple (CH-1) was set as 1 773 K (1 500°C) to simulate the shell surface temperature, while the cold thermocouple (CH-2) was used to simulate the solid mold flux interface temperature 1 073 K (800°C) according to the previous paper. 31, 32) The thermal profile for DHTT tests is shown in Fig. 4(b) .
Phase Analysis
Considering the amount of the samples for SHTT and DHTT tests is not enough for X-ray diffraction (XRD) analysis, therefore, the samples were re-prepared as following procedures: first, an electric furnace was heated to 1 773 K (1 500°C); and then, a graphite crucible with 50 g well mixed mold flux powders were placed into the furnace; next the mold flux powders were melted and homogenized for 5 minutes; then the furnace was cooled down at a cooling rate of 5 K (°C)/s. Finally, the cooled mold flux was crushed and grounded into powders sample for XRD analysis. The crystalline phase was detected by X ray Diffracmeter (Rigaku Corporation RIGAKU-TTR III) with Cu Kα (0.154 184 nm). The XRD data were collected in a range of 2θ = 10-80° with a step size of 10°/min.
Results and Discussions
Viscosity
The viscosity-temperature curves and plots of lnη versus 
. (2)
Therefore, the rheological behavior of mold flux could be analyzed through above kinetic study.
Crystallization Test
The crystallization behaviors of benchmark A and designed F-free mold fluxes were investigated through Single/Double Thermocouples Techniques (SHTT/DHTT, Green Technologies Inc., DHTT0110). Figure 2 schematically shows the apparatus of SHTT/DHTT, and the details of SHTT/DHTT apparatus have been described in Prof. Kashiwaya's paper.
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The continuous cooling crystallization tests for mold fluxes were conducted by using SHTT; and Fig. 3(a) shows the schematic illustration of the SHTT, where the slag sample was mounted on one single B type thermocouple. The sample powders were first heated in the thermocouple at 1 773 K (1 500°C) with the rate of 15 K (°C)/s; and then, it was held for 180 s to eliminate bubbles and homogenize its chemical composition. After that, it was cooled down with a certain cooling rate. The thermal profile of SHTT test is shown in Fig. 4(a) . The variation of mold flux sample during the tests would be observed and recorded through a CCD microscope connected to DVD recorder. Meanwhile, Table 2 . The 1 573 K (1 300°C) is considiered to be the average temperature in the liquid slag layer, while the breaking temperature is the temperature below which the viscosity increases sharply. It can be seen from Fig. 5 and Table  2 (1 222°C) compared with Sample C, as the basicity, Na 2 O and Li 2 O content reduced to 1.15, 9.91% and 1.97%, respectively. The reason for that is because the CaO, Na 2 O, and Li 2 O are network modifiers in molten silicate structure system, which can provide O 2 − to break down the Bridging Oxygen Si-O-Si chain into Non Bridging Oxygen Si-O, and then simplify the silicate structure and lower the viscosity and breaking temperature of F-free mold flux. 26, 27) Therefore, the decrease of the Na 2 O, Li 2 O contents and basicity would lower the rheological property of molten mold flux. Otherwise, the viscosity at the temperature of 1 573 K (1 300°C) and the breaking temperature of Sample E continued to increase from 0.212 Pa•s to 0.256 Pa•s and from 1 495 K (1 222°C) to 1 507 K (1 234°C), with further reduction of about 2% Na 2 O and 2% B 2 O 3 contents based on Sample D, as both B 2 O 3 and Na 2 O tend to decrease the viscosity of mold flux. 13, 26, 27) In order to compare the different rheology behaviors of mold fluxes, the plots of lnη versus 1/(RT) for the benchmark Sample A and four designed F-free mold fluxes during different temperature zone were shown in Fig. 6 , where Fig.  6(a) shows the results when the test temperature is higher than breaking temperature (T > T br ); otherwise Fig. 6(b) shows the results when T < T br . Then the activation energy (E) was calculated from the slopes of the linear fitting to the measured data in Fig. 6 Table 3 that the values of the apparent activation energy obtained under the breaking temperature (T < T br ) are relatively lager than the activation energy obtained above the breaking temperature (T > T br ) which suggests that the energy barrier at lower temperature is much larger than the one at higher temperature; and temperature has greater impact on rheological ability of mold flux when temperature is relatively low. This is also the reason why the visocity of mold flux increases sharply under the breaking temperature. Besides, it was found that for above designed F-Free mold fluxes system, the values of activation energy ranged from 4 376.9 ± 233.2 KJ/mol to 411.4 ± 10.7 KJ/mol when T < T br ; while it only ranged from 228.6 ± 4.6 KJ/mol to 152.7 ± 2.4 KJ/mol when T > T br , which indicates that the components also have significant influence on rheological ability of mold flux when T < T br . Through above comprehensive study, Sample E has the most similar rheological behavior to the conventional commercial F-containing mold fluxes, as their activation energy and breaking temperature are close to each other.
Continuous Cooling Crystallization
The Continuous Cooling Transformation (CCT) diagrams of benchmark mold flux Sample A and the four designed F-free mold flux Samples are shown in Fig. 7 . First, it can be seen from Fig. 7 that the initial crystallization temperature decreased with the increase of cooling rate. It resulted from the rapid increase of viscosity of molten slag due to the addition of cooling rate, which required a lager driving force to initiate the crystallization; therefore, the initial crystallization temperature decreased. Secondly, it can also be found from Fig. 7 that the critical cooling rates of all samples are over 30 K (°C)/s. Although the exact values of critical cooling rates could not be obtained as the upper limitation of the facility is 30 K (°C)/s, it still suggests that those F-free mold fluxes own strong crystallization ability which satisfies the needs of continuous casting for the medium carbon steels, as these mold fluxes can form crystalline layer quickly in the vicinity of meniscus and achieve mild cooling, which in turn to reduce the thermal stress on the initial solidified shell.
Besides, Table 4 summarized the initial crystallization temperature of slags when the cooling rate was fixed at 1 K (°C)/s, 5 K (°C)/s, 10 K (°C)/s, 20 K (°C)/s, and 30 K (°C)/s, respectively. It can be found in Table 4 that the Sample C had the highest crystallization temperature as it own the highest basicity (R = 1.25) and Na 2 O/Li 2 O (11.89%/2.92%) content, and those components are beneficial to the crystallization of mold flux according to the pervious researches.
28,29)
The variation of initial crystallization temperature between Samples E and D shows that B 2 O 3 also had significant impact on the crystallization of F-free mold flux. Although the Na 2 O content increased about 2%, the initial crystallization temperature still decreased from 1 419°C to 1 374°C under the cooling rate of 1°C/s, due to the increase of B 2 O 3 content from 5.98% (Sample E) to 7.95% (Sample D). Actually, there are two major reasons that can be used to explain why the increase of B 2 O 3 can lower the initial crystallization temperature of F-free mold flux. First, it is due to the fact that Boron is one of the network formers as described before, it can increase the size of silicate network and make its structure more complex; consequently it inhibits the crystallization of fluorine free mold flux. The second is because the B 2 O 3 can act as fluxing reagent and tends to lower the initial crystallization temperature by forming some lower melting point substances in F-free mold flux.
In-situ Observation of Dynamic Phase Transition
under the Simulated Thermal Condition During the medium carbon steel continuous casting, there is a significant evaluation criteria for mold flux, which is whether it can quickly form a crystalline layer in the vicinity of meniscus in the mold to realize mild cooling. The in-situ observation and study of the dynamic phase transition under the simulated thermal condition of meniscus was achieved by using the DHTT. The heating profile for DHTT and the crystallization evolution process of benchmark Sample A were shown in Figs. 8 and 9 , while the final steady states phase distribution of four designed F-free mold flux were shown in Fig. 10 . Figure 8 shows the temperature history of DHTT tests for benchmark Sample A, and the snapshots of six typical stages which represent the crystallization evolution process of mold flux are shown in Fig. 9 . Figure 9 (a) referrers to position I (194 seconds) in Fig. 8 , where CH-1 was at 1 773 K (1 500°C), but CH-2 was 1 673 K (1 400°C) due to a slightly adhesive force needed to stretch the melting mold flux. When the temperature of CH-2 dropped with a cooling rate of 30 K (°C)/s, crystals precipitated very fast as clearly shown in Fig. 9 (b) which corresponds to position II in Fig.  8 . It suggests that the crystallization ability of Sample A is very strong, and it can form crystalline layer in the vicinity of meniscus very easily, which is benefit for the continuous casting of medium carbon steel. In Figs. 9(c) (position III in Fig. 8 ) and 9(d) (position IV in Fig. 8 ), more crystals are formed and grown up. Figure 9 (e) was corresponding to position V (237 seconds) in Fig. 8 , which shows the moment that CH-2 was just decreased to 1 073 K (800°C) and became dark, and the crystallization was nearly ended during the cooling process, which was consistent with the results of CCT diagram in Fig. 7 . Figure 9 (f) was the moment that the structure of mold flux was in a relatively steady state, which was about 540 s at the position V in Fig.   8 . At the end of crystallization process, most of the mold flux got crystallized (95.37%) besides a thin residual liquid layer (about 4.63%) close to the hot CH-1. The crystallization evolution process of four designed F-free mold fluxes are similar to the benchmark sample A; therefore, Fig. 10 only shows the final steady states phase distribution of F-free mold fluxes. From Fig. 10 , it can be known that Sample C has the largest crystalline layer of 94.58% which agreed with CCT tests that Sample C owns the strongest ability to crystallize; and others were 93.18% 92.8% and 93.55% for Sample B, D and E, respectively. There is no glass layer appearing at the final stage.
XRD Analysis of F-free Mold Fluxes
The X-ray diffraction patterns of benchmark Sample A and designed F-free mold fluxes are shown in Figs. 11 and 12, respectively. It can be seen from Fig. 11 that the main characteristic peaks of Sample A are cuspidine (Ca 4 Si 2 O 7 F 2 ) and gehlenite (Ca 2 Al 2 SiO 7 ), which agrees with the XRD and EDS analysis of mold flux disks after the heat transfer experiment as described in previous paper. 33) While, the XRD results of the four designed F-free mold fluxes, as shown in Fig. 12 22 can be formed and present stably in the F-free mold fluxes system to replace cuspidine in conventional F-containing mold fluxes system, which shows good potential to replace cuspidine when the fluorine was removed.
Conclusions
The viscosity and crystallization behavior of benchmark Sample A and four designed F-free mold fluxes have been investigated by using rotating cylinder method and Single/ Double Thermocouple Technique. The main conclusions were summarized as follows:
(1) The viscosities of designed F-free mold fluxes at temperature of 1 573 K (1 300°C) are in the range of (2) The results of kinetics analysis of mold flux rheology behavior suggest that the values for the activation energy of mold fluxes with different compositions obtained under the breaking temperature (T < T br ) are relatively lager than those obtained above the breaking temperature (T > T br ), which suggests temperature and component have greater impact on rheological ability of mold flux when temperature is relatively low (T < T br ).
(3) The initial crystallization temperature of F-free mold flux increased with the increase of basicity and Na 2 O/ Li 2 O content, but it decreased with the increase of cooling rate and the addition of B 2 O 3 .
(4) The final steady states phase distribution of F-free mold fluxes shows crystalline layer were 93.18%, 94.58%, 92.8% and 93.55% for Samples B, C, D and E, respectively, and there is no glass layer appear at the final stage during the DHTT tests, which agreed with CCT tests.
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